Objective: We report on patient-specific durations of postictal periods in longterm intracranial electroencephalography (iEEG) recordings. The objective was to investigate the relationship between seizure duration and postictal suppression duration. Methods: Long-term recording iEEG from 9 patients (>50 seizures recorded) were analyzed. In total, 2310 seizures were recorded during a total of 13.8 years of recording. Postictal suppression duration was calculated as the duration after seizure termination until total signal energy returned to background levels. The relationship between seizure duration and postictal suppression duration was quantified using the correlation coefficient (r). The effects of populations of seizures within patients, on correlations, were also considered. Populations of seizures within patients were distinguished by seizure duration thresholds and k-means clustering along the dimensions of seizure duration and postictal suppression duration. The effects of bursts of seizures were also considered by defining populations based on interseizure interval (ISI). Results: Seizure duration accounted for 40% of postictal suppression duration variance, aggregated across all patients and seizures. Seizure duration accounted for more than 25% of the variance in postictal suppression duration in 2 patients and accounted for less than 25% in the remaining 7. In 3 patients, heat maps showed multiple distinct postictal patterns indicating multiple populations of seizures. When accounting for these populations, seizure duration accounted for less than 25% of the variance in postictal duration in all populations. Variance in postictal suppression duration accounted for less than 10% of ISI variance in all patients.
| INTRODUCTION
Despite extensive study, the mechanisms of epileptic seizures remain elusive. Much of the focus in epilepsy research is on seizure onset rather than seizure termination. Thus, less is known about the postictal period than about preictal and ictal activity. Understanding seizure-onset mechanisms may help guide preventative or predictive strategies. However, studying the seizure-termination process may permit new therapeutic approaches. 1 An understanding of seizure dynamics and transitions must be informed by statistical observations from data 2 including mathematical modeling.
Various signal features at the electrographic onsets and offsets of seizures suggest that they are critical transitions in the underlying brain state. 3, 4 Critical transition models assume that seizure onsets and offsets may not begin and end entirely as a result of random fluctuations in cortical activity or input, but rather that seizures follow a path that must be completed as the brain transitions to the interictal state. Mathematical modeling of postictal suppression suggests a deterministic process associated with longer interclonic intervals and reduced connectivity prior to seizure termination. 5 This agrees with the hypothesis that seizures follow a set pathway through brain states. 4, 6 The postictal period is commonly characterized by a period of low energy that slowly returns to interictal norms (referred to here as postictal suppression). 5, [7] [8] [9] Postictal suppression is often associated with specific clinical features such as immobility, impaired cognition, headache, and psychological depression. [10] [11] [12] There is a contentious link between postictal generalized suppression (PGES) and sudden unexpected death in epilepsy (SUDEP). 8, 9, [13] [14] [15] No correlation between postictal suppression length and SUDEP has been established. However, postictal suppression and PGES may reflect similar processes and so it is reasonable to speculate that postictal suppression may also influence SUDEP occurrence. SUDEP has a mortality rate of 0.13-2.7 per 1000 person-years, increasing to 3. Despite knowledge that many aspects of seizure characterization are highly patient-specific, [17] [18] [19] [20] such an analysis of the postictal period in long-term data has not yet been conducted. This has been largely due to lack of datasets that contain enough seizures per patient to allow sufficient analysis. The dataset created by the clinical trial of a seizure advisory system has recently provided such data. 21 We use this to investigate patient-specific patterns in the postictal period and find a relationship between postictal suppression duration and seizure duration.
| METHODS

| The dataset
The data used in this study have been described previously by Cook et al 21 ; please refer to this publication for further information on patient demographics, study design, and other details not provided in Table 1 . In summary, the 15 patients in the dataset had focal-onset seizures with a lateralized epileptogenic zone. Sixteen intracranial electroencephalography (iEEG) channels were continuously recorded at 400 Hz. Epilepsy-related events were categorized into 3 types: seizures that were clinically confirmed (type 1), events that were equivalent to type 1 seizures in the iEEG recordings but without clinical confirmation (type 2), and seizure-like events that were different from type 1 events in iEEG recordings and without clinical confirmation (type 3). Type 3 events were excluded from this study, as they may not represent true seizures. The first 15 weeks of iEEG recordings were excluded, as there were transition periods in the iEEG signal after initial implantation.
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Key points
• Long-term iEEG recordings were obtained from 9 patients with a total of 2310 seizures over a cumulative recording time of 13.8 years
• Multiple distinct and reliable postictal iEEG patterns were seen in 3 patients, illustrating multiple populations of seizures
• Postictal suppression duration shows minor or no correlation with seizure duration when accounting for multiple populations of seizures Patients 2, 4, 5, 7, 12 , and 14 were removed as they had less than 50 type 1 and 2 seizures. Some seizures were followed within a few hours by another seizure. To avoid unintentional inclusion of the following seizure's preictal period in the current seizure's postictal period, a minimum interseizure interval (ISI) of 5 hours was chosen, except where stated otherwise. Seizures with high iEEG signal loss, defined as more than 10% of the data segment lost, were also removed from the study.
| Data processing
Each data sample consisted of 16-channel iEEG from the point of seizure termination until the postictal upper limit, which was defined to identify a start point of the interictal period and was determined on a patient-specific basis ( Table 1 ). The postictal upper limit is defined here as the longest postictal suppression duration (ie, time from seizure start until changes in total energy perceived to be due to noise alone) rounded up to the nearest multiple of 10 minutes. Therefore, all postictal suppressions finish before the postictal upper limit.
The mean of each channel was subtracted from that channel to remove DC offset. Energy was calculated in the 10-30 Hz range in each channel after filtering with a zerophase, second-order Butterworth filter. The energy was then smoothed using a 5-second moving average sliding window with 0.0025-second step size. Smoothed energy across all 16 channels was summed to give the total energy across the recording in the 10-30 Hz frequency band. A 5-second median-value filter with 0.0025-second step size was then applied to smooth the total energy. The average total energy in the 10 minutes after the postictal upper limit was defined as normal background energy for a given seizure. The end of postictal suppression for each seizure was estimated conservatively as the time of the first total energy value passed the background energy value. To avoid falsely short suppression times due to smoothing windows overlapping with the seizure, the first 5 seconds after each seizure were ignored when calculating postictal suppression length. To ensure that seizures with no suppression period were not falsely labeled to have a 5-second suppression period, all suppression durations were reduced by 5 seconds.
| Correlating seizure and postictal suppression duration
The strength of the correlation between postictal suppression duration and seizure duration was evaluated using the correlation coefficient (r). To account for the effect of multiple seizure populations on the correlation between seizure length and postictal suppression length, correlation was also calculated within seizure populations for selected patients. Seizures in these patients were most easily separated by seizure length, and so seizures were separated into short-seizure and long-seizure populations. From herein the term populations refers to these clusters of seizures split by seizure length except where stated otherwise. Thresholds were chosen upon viewing the data. Given that the selection of these thresholds was subjective, seizures were also separated objectively by applying k-means clustering in 2 dimensions (seizure duration and postictal suppression duration). Correlation was also calculated across all patients as a point of comparison to patient-specific analysis. If all seizures were used, results could vary due to differences in statistical power alone. To avoid this, 17 seizures per patient for a total of 153 seizures were sampled, close to the average of 152.6 seizures per patient (when excluding seizures with an ISI less than 5 hours).
To investigate possible effects of seizure clusters on the postictal period, the relationship between seizure duration and postictal suppression was investigated in 3 separate groups distinguished by the ISI following the seizure: ISI > 5 hours, 2 hours < ISI < 5 hours, and ISI < 2 hours. Correlation coefficients between postictal duration and ISI duration, as well as postictal duration and the following seizure duration, were also calculated.
3 | RESULTS 3.1 | Seizure duration vs postictal suppression duration Figure 1 shows heat maps of the postictal period for all 9 patients, ordered by seizure duration. Blue, white, and red represent periods of low, average, and high energy, respectively. Therefore, postictal suppression can be seen as a segment of blue that begins at the start of the postictal period (left) and gradually fades to white. Comparing across patients, the heat maps show very different patterns of postictal behavior, highlighting the importance of patient-specific analysis. Based on the heat maps, the patients can be categorized into 2 broad types: those with consistent postictal behavior and those with multiple distinguishable postictal behaviors. These changes in postictal behavior align with changes in seizure duration, indicating that the populations identified in the heat map may be the same populations identified previously. 17 Within popula- Table 2 . Patients 8, 10, and 11 were chosen for multiple population analysis based on the observation of multiple postictal patterns in the heat maps. Patients 1 and 3 were also considered for this analysis, but both had a relatively small number of seizures in 1 population and so were excluded. The seizure duration thresholds separating short and long seizures in Patients 8, 10, and 11 were set at 40, 35, and 20 seconds, respectively. Both populations for Patients 8 and 10 showed no significant correlation between seizure length and postictal suppression length despite correlation across all seizures for each patient. However, this may be due to a loss in statistical power intrinsic to calculating correlation in a smaller number of seizures. Patient 11 showed significant and reduced correlation for both the short (r = .47, P < .001) and long (r = 0.69, P < .001) seizure populations.
K-means clustering with 2 clusters, across dimensions of seizure duration and postictal suppression duration, was performed on Patients 8, 10, and 11 due to the observation of multiple populations in the heat maps. Patient 10 showed no significant correlation in either cluster. Patients 8 and 11 both showed significant and reduced correlation in 1 cluster; the other cluster showed no significant correlation in each patient. The heat map for Patient 11 also suggested a possible third population, and so k-means clustering with 3 clusters was performed for that patient. No cluster showed significant correlation between seizure length and postictal suppression length.
Notably, when considering all seizures for each patient, only Patients 8 and 11 showed correlation coefficients greater than .5, meaning that, for all other patients, seizure duration accounts for less than 25% of the variance of postictal suppression duration (ie, r 2 < .25). When considering 2 populations of seizures within Patient 8, all correlation coefficients fall below .5, and when seizures are separated by seizure length, no significant correlation is found at all. In contrast, Patient 11 shows 1 population that has a correlation coefficient above .5 for both methods for defining populations. However, if 3 populations are considered, there are no longer any clusters with significant correlation. Patient 10 shows no significant correlation when using either method of defining populations. Therefore, assuming that Patients 8 and 10 have 2 populations and that Patient 11 has 3 populations, as supported by the heat maps, we find that within all seizure populations seizure duration accounts for less than 25% of the variance of postictal suppression duration. 
| Postictal duration in seizure bursts
To investigate postictal behavior during bursts of seizures, events were grouped according to the duration of the following ISI. Patient 6 shows the highest correlation between postictal suppression length and ISI (r = .31, P = .03). A few other patients show lower and significant correlations, whereas the majority show no significant correlation. Figure 3 shows the relationship between seizure duration and postictal suppression duration with seizures labeled according to ISI length. No patient showed significant correlation between postictal suppression length and duration of the following seizure.
| DISCUSSION
We have shown that populations of seizures have distinct postictal activity within individual patients. For most if not all populations of seizures, less than 25% of postictal suppression variance is attributable to variance in seizure duration. However, the relationship is stronger when all populations within a patient are combined. The populations themselves are distinguished by seizure length, and so we propose that the increase in postictal suppression duration variance accounted for by seizure duration is attributable to population membership. Therefore, postictal suppression duration is a consequence of the population the seizure belonged to, in addition to the differences in seizure duration that the populations represent. The consistent duration of the postictal suppression within each population also highlights the deterministic nature of the seizure process. When combining all seizures across all patients, 40% of the variance of postictal suppression is accounted for by seizure duration variance. However, when accounting for different populations within patients, this value is below 25%. As when considering a similar discrepancy within individual patients, we speculate that membership in a population influences postictal suppression length in addition to the effects of seizure length. This discrepancy also T A B L E 2 Correlation statistics for selected patients across (A) all seizures, (B) 2 subpopulations, defined by seizure-length thresholds. (C) 2 subpopulations, defined by k-means clustering, and (D) 3 subpopulations, defined by k-means clustering highlights the importance of performing patient-specific analysis or even population-specific analysis, where possible.
The detection of multiple populations of seizures has significant implications for the prediction, detection, and management of seizures. This work shows that populations of seizures can have very different postictal patterns. It follows that these populations are likely to also have differing ictal patterns. If the ictal patterns differ, the seizure class within a detector would necessarily be defined broadly, and therefore the seizure detector would likely perform poorly.
To counter this, each population could be classified separately. So, instead of distinguishing seizure and nonseizure states, the detector would distinguish nonseizure, short-seizure, and long-seizure. In addition to improving seizuredetection performance, a detector that is population specific would also enable population-specific diagnosis and management. For example, triggers may be identified that are specific to a population, or a prescribed antiepileptic drug may be found to suppress only 1 population of seizures.
Although still contentious, there is evidence that PGES is associated with SUDEP in patients with generalized tonic-clonic seizures. 8, 9, [13] [14] [15] Postictal suppression, as defined in this article, differs from PGES, and so findings from studies on PGES cannot be related directly to this study. However, postictal suppression and PGES show some similarities, so findings relating to PGES may also hold true for postictal suppression, although this remains to be proven. If an association between postictal suppression and SUDEP could be established, our results suggest that long-seizure populations may represent high-risk populations for SUDEP, which may inform preventative strategies. This contrasts with findings that suggest that seizure length does not correlate with PGES length. 13 The identification of seizures that may lead to a longer suppression period could enable clinicians to more aggressively manage the high-risk seizures while more conservatively managing low-risk seizures. This targeting of high-risk seizures may also apply to long seizures in patients who do not have defined seizure subpopulations, although such seizures may be harder to identify and target. An extension of detecting high-risk seizures would be to predict or forecast them. If high-risk seizures can be identified during the preictal period, they may be entirely preventable. A therapeutic system would ideally prevent all seizures, although there is always a balance between false positives and false negatives in any real-world predictive system. For those seizures that are perceived to pose a higher health risk, the system could be altered in favor of fewer false negatives, while keeping the false positives low for lower risk seizures. These results also assist seizure prediction as a refinement of the problem. Analogous to seizure detection, most seizure-prediction algorithms treat all seizures (or their preictal periods) as 1 class, distinguished only against interictal periods. The results presented in this work suggest that, for some patients, seizures should be split into 2 or even 3 different classes, making seizure prediction a 2-, 3-, or 4-class classification problem, depending on the individual patient.
All patients in the study have focal seizures, limiting conclusions to this seizure type. iEEG recordings are not accompanied by clinical reporting for every seizure, which restricts clinical interpretation of the findings. This limitation means seizure length and postictal length cannot be confirmed by clinical manifestations. However, the longterm nature provides the best clues for the characterization of postictal suppression on a patient-specific basis.
The consistency of postictal suppression duration within seizure populations supports the hypothesis that seizures occur due to a deterministic process, with stochasticity within each population around population means. Previous work has shown similarly consistent patterns during the ictal period, suggesting that this behavior is maintained from seizure onset through to the return to normal interictal state. This may even extend to the preictal period, allowing algorithms to predict or forecast not just when a seizure occurs, but its duration, the duration of the postictal suppression, and possibly even likelihood of SUDEP.
